. Typical course of infection. Typical CD4 counts and plasma viral load during the course of an HIV infection. Adapted from [4] and [5] .
antiretroviral medications and accessibility of testing represent the most significant grand challenges in fighting the HIV/AIDS epidemic worldwide. These two challenges do not stand independently, however, as regular and appropriate monitoring is required for effective treatment.
HIV infection is typically diagnosed by serologic tests indicating the presence of anti-HIV antibodies, a test for which rapid point-of-care (PoC) assays are available including tests of oral fluids and whole blood from a finger prick [3] . Following diagnosis, guidelines issued by the Infectious Disease Society of America recommend immediate evaluation of two core markers of the progress of infection: the CD4+ T lymphocyte count and plasma viral load, in addition to antiretroviral therapy (ART) resistance testing, a complete blood count, and blood chemistry panels [3] . Typical levels of CD4+ T lymphocytes and plasma viral load during the course of HIV infection are depicted in Fig. 1 [4] , [5] . World Health Organization (WHO) guidelines recommend the initiation of ART for people living with HIV upon determination of a CD4 count less than or equal to 350 cells/mm 3 , while CD4 count monitoring is recommended to be performed at least every six months for individuals not yet eligible for ART [6] . During treatment, the WHO recommends CD4 counting and viral load monitoring in a routine approach [6] . Ultimately, the goal of regular monitoring is to guide treatment strategies toward the prevention of immunological failure (CD4 count below baseline, 50% of ontreatment peak value, or 100 cells/mm 3 ), and virological failure (viral load above 5000 copies/mL) [6] .
The CD4 count reflects the health of the immune system and is occasionally paired with the CD8+ T lymphocyte count in assessment of an HIV+ patient, although there are conflicting reports on the utility of CD8 counts or CD4/CD8 ratio [3] , [7] . Virions in plasma infect CD4+ T lymphocytes via the high-affinity interaction between the viral surface protein gp120 and the host cell CD4 receptor and CCR5 coreceptor. This docking facilitates fusion of the viral and cell membranes and injection the protein capsid into the cytoplasm which dissociates to release viral RNA. Highly error-prone RT makes a cDNA copy of the viral genome which is targeted to the host cell nucleus and integrated with the host genome by viral protein integrase. Host cell gene expression including mRNA alternative splicing ensues, resulting in expression of both viral structural protein precursors and those involved in the facilitation of viral gene expression. Genomic RNA and structural proteins are targeted to the cell surface where budding occurs. Maturation facilitated by protease action takes place after budding. Labels indicate biomarkers for viral diagnostics, including (A) viral RNA in plasma, (B) RT in plasma, (C) capsid protein p24 in plasma, (D) proviral DNA, (E) cell-associated unspliced RNA, and (F) cell-associated spliced RNA.
Viral load measurements complement the CD4 count and are a direct assessment of viral number. Viral load is typically assessed by quantifying viral RNA in the blood plasma, although alternative approaches to quantifying plasma load as well as intracellular viral reservoirs have been described. A review of the HIV lifecycle in Fig. 2 reveals several traditional and alternative biomarkers for monitoring virus levels.
Because of retrovirus integration with the host in the form of a provirus, HIV establishes a long-term reservoir and accomplishes production of new virions in host cells-a process that can be interrogated at all levels of gene expression inside the cell. Detection of proviral DNA is the most commonly assessed intracellular marker and has established clinical relevance as a method for assessing virus status in newborns in whom motherto-child transmission of HIV is suspected, since passive transfer of maternal antibodies can produce false positives on serological tests [3] . However, assessment of levels of cell-associated unspliced and multiply spliced HIV RNA has also been suggested as clinical markers of disease progression [8] [9] [10] , to have prognostic value [11] , or to be useful metrics for assessing ART efficacy [12] , [13] . Laboratory-based methods for the detection of cell-associated RNA have been demonstrated [14] , [15] .
The core principles of micro-and nanotechnology offer opportunities for new approaches to monitoring all of these biomarkers. Modern fabrication techniques have enabled the development of novel optical, mechanical, and electrical biosensor platforms with greater sensitivity for cell and biomolecule sensing, including those which replace or eliminate the need for expensive and bulky components of state-of-the-art clinical diagnostic instruments. Microfluidic systems enable precise manipulation of small volumes of biological fluids, significantly decreasing blood sample size requirements and allowing for less invasive collection techniques. Finally, smaller instrument footprints promise a high degree of portability in sample-to-answer systems.
This paper emphasizes approaches toward the implementation of technologies for CD4 T lymphocyte counting, plasma viral load, and proviral load determination in resource-limited settings. Approaches vary from adaptations of state-of-the art technologies to novel assays based on innovations in microand nanotechnologies. Several technologies discussed here address testing challenges through complete sample-to-answer integrated systems while others demonstrate partial solutions, yet demonstrate potential for application in an integrated system.
In addition to the typical requirements for sensitivity and specificity required of diagnostic technologies, the criteria for effective CD4 counting or viral load determination in resourcelimited settings include 1) the test must be able to operate at the PoC, addressing the need to bring testing to patients with limited ability to travel to a healthcare facility, 2) the test must be rapid, addressing complications in resource-limited settings associated with healthcare provider follow-up when results cannot be obtained same day, 3) the test must be low-cost, mitigating the financial burden on individuals, agencies, or governments in poor countries, and 4) the test must be easy to use, allowing for implementation in areas where skilled technicians are not available. The end goal is a comprehensive technology capable of taking whole blood input in the form of a finger-prick or heel-prick, and outputting the desired results.
II. PLASMA VIRAL LOAD

A. Current State of the Art
Several challenges complicate the monitoring of HIV plasma viral load, including the diversity of HIV forms and subtypes as the result of high recombination and mutation rates-one of the primary barriers to the development of an effective vaccine [16] . Effective viral load devices must therefore be capable of flexibility among genetic or antigenic variation from infection to infection.
State-of-the-art technology for plasma viral load involves amplification and detection of viral nucleic acid. Tests approved by Table I [17]- [20] . To date, however, no reverse-transcription polymerase chain reaction (RT-PCR), branched DNA (bDNA), or nucleic acid sequence-based amplification (NASBA) assay has demonstrated the qualities necessary to become ubiquitous in resource-limited settings.
Multiple studies have also explored the possibility of transporting dried blood or plasma specimens from more primitive sites to a capable laboratory as a global health solution for plasma viral load testing, though this does not address the ultimate need for a rapid, PoC test [21] [22] [23] [24] . Progress toward viral load in resource-limited settings has emerged in the form of assays for other biomolecular components of HIV, including the structural capsid protein p24 and the enzyme reverse transcriptase (RT), platforms aimed at the miniaturization of the amplification and/or detection aspects of nucleic acid quantification, and isolation of whole viruses from blood samples as a processing step toward direct particle counting. Several novel nonquantitative technologies for detection of HIV in plasma have been reported, including a recent report from De la Rica and Stevens on a gold-nanoparticle-based p24 assay that can be analyzed with the naked eye [25] . Nonquantitative techniques are only presented extensively in this section, however, when considered relevant to the development of a future quantitative technique.
B. Global Health Solutions
1) Detection of p24 Capsid Proteins:
The enzyme-linked immunosorbent assay (ELISA) is a standard technique for laboratory detection and quantification of proteins. P24 assays developed by Perkin Elmer Life Sciences (Boston, MA) [26] [27] [28] [29] , NEN Life Science Products (Geneva, Switzerland) [30] , and Biocentric (Bandol, France) [31] have been evaluated for use in resource-limited settings but sensitivity [27] , reliability [27] , [30] , and false positives [31] have been cited as reasons limiting implementation of these tests in resource-limited settings. Alternative assays have been developed, however, for the detection of p24 as the basis for HIV quantification [32] [33] [34] [35] [36] .
Lee et al. sought to improve upon the standard ELISA with a nanoarray patterned with anti-p24 antibodies by dip-pen nanolithography [32] . Instead of an enzyme with chemiluminescent product, a gold nanoparticle probe functionalized with anti-p24 antibody was used as a secondary tag and detected with atomic force microscopy and scanning electron microscopy. While this report serves as an interesting proof of concept, a more ap- propriate detection technique is necessary as these microscopy techniques are probably not suited for low-cost, portable applications.
Parpia et al. described a dipstick assay for p24 designed for rapid detection of HIV in infants [33] . Plasma samples were mixed with heat shock buffer, heated to disrupt immune complexes, and then exposed to the dipstick test. The sample hydrates an antibody-conjugated tag and flows laterally by capillarity to a test line where antigen-bound tags are immobilized. The dipstick is then scanned and analyzed by a computer for semiquantitative results. This technique makes strides toward the ideal platform for PoC viral load determination, although integrated scanning and analysis may be necessary to achieve the desired ease of use.
The concept of a biobarcode detection assay was introduced by Nam et al. [37] . The technique was later adapted for detection of HIV capsid protein p24 [34] [35] [36] and an overview of the concept is depicted in Fig. 3 [34] . The biobarcode assay is a modification of traditional ELISA techniques in which p24 is first captured in microtiter wells coated with anti-p24 antibody and subsequently tagged with a biotinylated anti-p24 [34] . Streptavidin-coated gold nanoparticles are then bound to the secondary antibody, providing a substrate for attachment of biotinylated barcode DNA. Following washing and heating, biobarcode DNA immobilized on gold nanoparticles bound to p24-antibody sandwiches is eluted and hybridized to a sequence complementary to half of the barcode DNA on a glass slide. A DNA-probe labeled gold nanoparticle binds to the other half of the immobilized barcode DNA and silver ions are reduced by hydroquinone on the surface, amplifying the visualization of biobarcode signals. A later version of this assay replaced the microtiter wells with antibody-coated magnetic nanoparticles that facilitated the separation of the antigen-nanoparticle complexes from solution [36] . This biobacode technique has demonstrated promising strides toward the grand challenge of early HIV detection [35] and bears the potential for a quantitative test, yet it has not yet been shown as a suitable replacement for quantitative nucleic acid detection technologies or to have been evaluated for efficacy in resource-limited settings.
2) Detection of RT Activity: RT is an essential component of replication-competent HIV and thus a specific marker of HIV infection. The ExaVir Load assay (Cavidi Tech AB, Uppsala, Sweden), which is based on the detection of RT activity, was first described by Ekstrand et al. [38] . This assay requires pretreatment of blood plasma from HIV-positive blood and isolation of the virus on an immobilization gel column with subsequent washing to remove anti-RT antibodies or RT-inhibiting antiretroviral drugs that are present in many individuals undergoing ART [39] , [40] . The sample is eluted from the immobilization column by washing with a viral lysis buffer that frees virusencapsulated RT for assay. RT activity is quantified based on incorporation of 5-bromodeoxyuridine 5' triphosphate (BrdUTP) in RT DNA product and subsequent BrdUTP tagging with an alkaline phosphate-conjugated antibody. A substrate for AP is then introduced after washing for colorimetric or fluorimetric analysis. The ExaVir assays have been evaluated for sensitivity, practicality, and flexibility among various HIV subtypes by several clinical studies, including investigations in Burkina Faso [41] , Mobmasa, Kenya [31] , Botswana [42] , Nairobi, Kenya [43] , and Johannesburg, South Africa [27] . Evaluations appear optimistic toward the potential of the ExaVir as a less-expensive alternative to PCR [26] , [27] , [31] , [41] [42] [43] [44] [45] [46] [47] [48] [49] .
3) Miniaturization of PCR, Nonquantitative: Several efforts to adapt state-of-the-art testing for resource-limited settings have involved simplification or automation of various aspects of PCR. For example, Tang et al. developed an isothermal amplification kit based on a reverse-transcriptase helicase-dependent nucleic acid amplification technique that was integrated with a vertical-flow DNA detection strip [50] . The assay, however, still required rigorous preparation of the sample in a laboratory setting, including the purification of viral RNA. Lee et al. described an isothermal simple amplification-based assay that could be performed on a table-top PoC machine including both amplification and dipstick detection [51] .
Lee et al. developed a microfluidic design for on-chip RT-PCR containing mixture and reaction chambers for RT and PCR as well as a detection chamber in which amplified product is immobilized on complementary probe DNA [52] . An overview of their microfluidic PCR device is depicted in Fig. 4 [52] . An infrared lamp serves as the heart source for PCR thermo cycling and immobilized amplified PCR product is tagged with horseradish peroxidase that reacts with substrate solution to produce a chemiluminescent product for optical detection. This labon-a-chip design was capable of performing RT-PCR in 35 min, but requires further demonstration of sufficient sensitivity and has not been analyzed for quantitative detection. of HIV RNA [53] . RT-PCR mixture containing samples is introduced to 160 wells each of 1, 5, 25, and 125 nL allowing for multiplexed analysis. Correct volumes are ensured by deadend filling facilitated by rotational slipping of a layer of the chip and digital PCR is performed, allowing quantification of viral RNA copies. Digital PCR fluorescence on the SlipChip is demonstrated in Fig. 5 [53] . Ultimately, the technique was capable of detecting 37 viral copies/mL plasma, although additional demonstration of this approach is necessary for consideration as a platform for field testing.
Rohrman et al. recently described another gold nanoparticlebased technique for the detection of amplified HIV RNA [54] . In their study, NASBA product is placed on a conjugate pad containing gold nanoparticles functionalized with complementary RNA strands that bind the sequence of interest. The sample flows laterally by capillarity down a nitrocellulose membrane strip to a detection zone in which nanoparticle-bound sequences are immobilized. An enhancement solution reduces metallic ions on the surface to increase the colorimetric result, which can be assessed with a common cell phone camera. The assay is paper based and is easily destroyed by incineration and is reported to cost approximately $0.80 per strip; however, it relies on amplified nucleic acid and thus does not present a solution to some of the most fundamental challenges to implementing PCR-based technologies in resource-limited settings.
Tanriverdi et al. adapted a commercially available HIV assay to fit a portable, fully integrated, and automated diagnostic system called Liat Analyzer [55] . 200-μL plasma is loaded into an assay tube and loaded into the analyzer that prepares the sample by performing viral lysis and nucleic acid conjugation with magnetic glass beads. The analyzer elutes the viral RNA and performs RT and PCR with real-time fluorescence detection, showing good correlation with COBAS TaqMan HIV-1 and Versant HIV-1 RNA (bDNA) assays. The full process is depicted in Fig. 6 [55] . The fully integrated test is completed in 88 min and exhibits a limit of detection of 1000 copies/mL, leaving room for improvement to compete with the most rapid and sensitive technologies.
5) Virus Isolation:
In strides toward alternative (non-PCR) approaches to HIV quantification, direct capture of HIV in microfluidic flow-through devices has been demonstrated by Demirci et al. [56] [57] [58] . Briefly, a microfluidic chamber is functionalized with antibodies specific for the HIV envelopeassociated protein gp-120 through a variety of surface chemistry techniques and 10 [56], [57] or 100 μL [58] of whole blood containing HIV was flowed through the device. Captured viruses were initially visualized with quantum-dot tags to verify capture [56] , [57] , but in a more recent report were lysed on-chip, collected, and interrogated by RT-qPCR for HIV nucleic acid showing 69.7-87.6% capture efficiency for a variety of subtypes and viral loads [58] .
In another approach, Chen et al. mixed virus-containing plasma with superparamagnetic nanoparticles functionalized with anti-CD44, an antibody that binds HIV, and injected the sample onto a microfluidic chip with geometries designed for mixing [59] . Ferromagnetic particles in the fluidic device concentrate an external magnetic field that concentrates virus-bound particles, achieving separation from plasma. Isolated sample is then lysed and interrogated for p24 with an ELISA kit, revealing a maximum capture efficiency of 79% [59] . An overview of this capture device is shown in Fig. 7 [59] . These platforms, which ultimately could be integrated in a sample-to-answer system, create the opportunity for improved sensitivity by removing the virus from whole blood or plasma and thereby eliminating contaminants that may interfere with detection. 
III. PROVIRAL LOAD
A. Current State of the Art
Provirus refers to the genome of a virus directly integrated with the DNA of the host cell. The proviral load is not as ubiquitous as the plasma viral load or CD4+ T lymphocyte count in clinical management of HIV/AIDS, yet it bears certain significance as the standard for early diagnosis of infection in newborns for whom mother-to-child transmission is suspected, since serological testing is inadequate due to the possibility of false positives from the presence of passively acquired maternal antibodies [3] , [60] [61] [62] [63] [64] [65] [66] . Many have also acknowledged that the proviral load may be an opportunity for early detection in adults in the 2-8 week window period [67] before seroconversion [61] [62] [63] , a useful alternative for monitoring of ART when plasma RNA levels are undetectable [61] , [68] , [69] , or a complement to the plasma RNA load for diagnostic or prognostic purposes [61] , [68] , [70] [71] [72] [73] . Laboratory techniques for detection of proviral DNA have been described including nonquantitative PCR approaches [64] , [74] , quantitative PCR approaches [14] , [61] , [68] , [69] , [75] , [76] , electrochemiluminescencebased detection of PCR products [62] , enzyme immunoassay detection of PCR products [63] , and one study which performed PCR analysis on dried blood spots [60] .
B. Global Health Solutions
Jangam et al. presented a solution to the challenges of sample preparation in resource-limited settings when analyzing proviral load with a low-cost extraction technique called filtration isolation of nucleic acids (FINA) [77] . In this technique, whole blood is introduced on a membrane disk and subsequently washed with NaOH resulting in isolation of genomic DNA on the membrane. The membrane is then placed directly in a PCR reaction mix for quantitative analysis. Recently, the same group has reported integration of this extraction method with a sample-to-answer PoC PCR system for proviral DNA detection [78] . In this case, blood collected from a heel prick is lysed in the blood collection device, applied to a separator module for FINA, and inserted into an injection-molded assay card. The assay card contains reagents for PCR prepackaged in a foil laminate reagent reservoir and the entire card it inserted directly into a table-top instrument which performs reagent delivery, thermal cycling, and fluorescence detection. The estimated cost of the instrumentation is $3000.00, while each disposable assay card is expected to cost $50.00 or less, a per-test cost on the higher end of the range of estimates reported in the approaches discussed in this paper.
Wang et al. have also recently described a device capable of proviral DNA detection on a chip [79] . In this proof of concept, HIV-infected T cells were loaded onto the chip where they were first heat-lysed and then hybridized with nucleotide probeconjugated magnetic beads. A permanent magnet was then used to immobilize probes, while debris was cleared with a vacuum and the sample was washed. Purified sample was then split between four separate chambers containing unique primer pairs, and PCR amplification was performed and monitored by SYBR Green I fluorescence and integrated optical detection. The whole process was completed in 95 min, demonstrating potential for implementation as a PoC device in resource-limited settings, although demonstration of this technique from whole-blood input would be necessary for truly PoC applications.
IV. CD4+ T LYMPHOCYTE COUNT
A. Current State of the Art
The current gold standard for enumeration of CD4+ T lymphocytes involves immune staining and analysis of cells with a flow cytometer, a technique that not only requires expensive and bulky instrumentation but also highly trained laboratory technicians. In efforts to bring CD4 enumeration to resource-limited settings, various techniques have been employed. Here, we organize various technologies for CD4 enumeration in resourcelimited settings based on the following categories: optical detection methods, electrical detection methods, technologies based on microcytometry employing either optical or electrical techniques, catch-and-release devices, and instrument-free methods.
B. Global Health Solutions 1) Optical Methods:
Many efforts have used fluorescent tagging and subsequent image processing to automatically enumerate CD4+ T lymphocytes in microchambers. Some designs relied on the even distribution of cells in a plastic chamber to produce accurate counts [80] . Others have used a microfabricated membrane to filter out erythrocytes, leaving leukocytes, which were fluorescently labeled [81] . Specialized image processing algorithms have been developed for the analysis of images from such devices [82] . Thorslund et al. developed and refined a bioactivated PDMS device for capture of CD4+ cells and subsequent imaging with HOECHST and CD3-FITC [83] , [84] . Fluorescence detection was later enhanced by using quantum dots [85] , [86] , forming the technology behind LabNow, Inc.
Another approach used immunospecific paramagnetic beads to bring fluorescently labeled CD4+ T cells into the focusing plane for analysis, reducing counting error [87] [88] [89] . Cheng et al. have investigated CD4+ T cell capture by controlling shear stresses at the chamber walls and enumerating cells using a cocktail of fluorescently labeled antibodies [90] , [91] . They improved their design by including a monocyte depletion chamber to reduce the positive bias created at lower CD4+ T cell concentrations [92] .
Beck et al. have eliminated the off-chip labeling step required by the aforementioned methods by coating capture chambers with hydrogels containing fluorescent antibodies and drying them for storage [93] . During testing, blood enters the capture region, causing the hydrogel to swell and release the antibodies, specifically labeling CD4+ and CD8+ T cells. Subsequent fluorescent image cytometry is used to obtain the CD4+ and CD8+ T cell counts. The Alere Pima CD4 counter uses a similar method to label CD4+ T cells using cartridges containing a lyophilized antibody pellet [93] , [94] , and has shown some success in field testing including sites in Harare, Zimbabwe [95] , Maputo, Mozambique [96] , Gauteng Province, South Africa [97] , Kampala, Uganda [98] , and London, U.K. [99] . However, in some situations, it has operational costs similar to or more expensive than standard lab flow cytometric analysis [97] , [100] .
The aforementioned optical methods require the use of lenses and focusing to analyze samples, but this can increase the cost and decrease the portability of the device and several technologies have made attempts at simplifying the optical component. Gohring and Fan quantified the antibody-mediated attachment of T cells by the amount of shift in the whispering gallery mode of an optofluidic ring resonator [101] . Moon et al. counted immobilized helper T cells by their shadows cast over a chargecoupled device (CCD) by a white light source [102] , [103] . Wang et al. further simplified the optics by not requiring an external light source: immobilized CD4+ T cells were labeled with CD3-conjugated horseradish peroxidase to facilitate a chemiluminescent reaction, which was amplified and quantified by a photodetector [104] . This device was tested using samples from patients at a treatment center in Dar es Salaam, Tanzania [105] .
2) Electrical Methods: Electrical methods for enumerating CD4+ T lymphocytes are promising due to the fact that they would not require optical components such as lenses, filters, light sources, photodetectors, and CCDs, which can be expensive, bulky, fragile, and require periodic maintenance. An electrical PoC solution could require only solid-state components to electrically interrogate a sensing geometry, process sensor output, and provide input from and results to the user.
Mishra et al. used three-electrode cyclic voltammetry to estimate the number of CD4+ T cells that were selectively captured on a working electrode [106] , [107] . Jiang and Spencer have used this design as a building block to create an array of 200 of these electrochemical sensing regions, or pixels, conjugated with CD4 antibody. A pixel would be considered on when a CD4+ T cell was captured, and a total cell count was the total number of on pixels [108] .
Cheng et al. enhanced their CD4+ T cell capture device [90] , [91] by integrating impedance spectroscopy sensing into the capture channel to monitor cell lysate [109] . T cells from whole blood were captured on-chip and lysed in a low-conductivity buffer, releasing intracellular ions into the bulk solution, thereby changing its conductance, which increased proportionally with cell concentration. Impedance-phase spectra and correlation with cell concentration are shown in Fig. 8 [109] . The authors were able to correlate cell concentration with channel conductance with a detection sensitivity of 20 cells/μL, eliminating the need of a microscope and manual cell counting. Daktari Diagnostics, Inc., has developed the Daktari CD4 counting platform based on this technology.
The lysate impedance method has shown to be an extremely promising technology to penetrate into resource poor regions, as it requires no off-chip sample preparation, employs an electrical interrogation method, and is simple to operate. However, inherent drawbacks from measuring lysate impedance may reduce its efficacy. This technology assumes that T cells from various individuals contain similar ion concentrations, which may not be true, resulting in counting error. In addition, since the technology is sensitive to the concentration of ions, contamination from the sensor chip's materials and failure to wash away excess ions may reduce the system's counting resolution and dynamic range.
3) Microcytometer Approach: Kiesel et al. worked toward the goal of a compact flow cytometer with a spatial modulation technique for CD4 identification [110] . Wang et al. have developed a microfluidic chip that first labels CD4+ and CD8+ T lymphocytes (from buffy coat samples) on-chip using pneumatic vortexing before hydrodynamically focusing and laser-induced fluorescence (LIF) counting [111] . They were able to produce CD4/CD8 T cell ratios similar to that found using standard flow cytometry. Yun et al. developed a microfluidic flow cytometer enhanced by FITC-doped silica nanoparticles that required only a single detector [112] . Mao et al. designed a microfluidic flow cytometer with 3-D hydrodynamic focusing of CD4+ T lymphocytes and LIF detection [113] .
Wang et al. integrated a commercial MOSFET with optical fluorescence detection to determine the percent of CD4+ T cells among a total population of lymphocytes [114] . They have also created a similar system replacing the MOSFET with a twostage differential amplification system [115] , [116] . However, the added complexity of integrating both electrical and optical measurement systems may be prohibitive for PoC applications.
Holmes et al. have developed an electrical microcytometer that can differentiate between different leukocyte subtypes, such as lymphocytes, monocytes, and neutrophils, solely on their impedance characteristics at two different frequencies, as depicted in Fig. 9 [117] , [118] . They were subsequently able to enhance electrical differentiation of CD4+ T cells from other leukocytes by specifically attaching 2.2 μm CD4 antibody conjugated latex beads to the T cells to modify their high-and low-frequency characteristics [119] . They showed good correlation between their electrical chip-based method and the flow cytometry standard for the percentages of CD4+ T cells in white blood cell populations. However, the off-chip bead labeling steps they used would need to be integrated into the chip itself for this technology to be practical in resource-poor applications-a task that is difficult to perform in the laminar flow regime found at the microscale.
Watkins et al. developed an impedance-based microcytometer for determining CD4 T cell counts employing a resistive pulse technique [120] . Cells were initially focused in a 3-D flow sheath for one-by-one flow past a pair of coplanar electrodes and subsequent analysis of ac impedance indicated cell passage by an impedance pulse. A coplanar three-electrode configuration was implemented in a later device that incorporated entrance and exit counting as white blood cells were passed through an anti-CD4 antibody-functionalized capture chamber, as illustrated in Fig. 10 [121] . CD4+ T cells were depleted from the sample by immobilization in the capture chamber and the absolute CD4 count was provided by the difference between entrance and exit counts.
4) Catch and Release: Chemical release of CD4+ T cells postcapture has proven to be more difficult, as the cells may further bond to the substrate nonspecifically through membrane adhesion molecules. Zhu et al. have shown the capture and release of CD4+ T cells using electrochemical reactions on microfabricated electrodes; however, some drawbacks are that some cell death occurs after T cell release (∼10%) and agitation is needed to assist in electrochemical desorption, which is more difficult in the laminar flow regime found in a closed microfluidic chamber [122] , [123] . In addition, mass production may be hindered by the fact that the capture region is limited to the area defined by the electrodes, requiring a PEG gel passivation layer elsewhere to prevent nonspecific cell capture.
Gurkan et al. used a temperature responsive polymer to capture and release CD4+ T cells [124] . A capture chamber coated with poly (N-isopropylacrylamide) (PNIPAAm) was immobilized with CD4 antibody-Neutravidin complexes at 37
• Cwhen the polymer is hydrophobic and prefers interactions with the Neutravidin. CD4+ T cells are captured at the same temperature before washing away unbound cells and lysing erythrocytes. The CD4+ T cells are released by decreasing the chip's temperature below 32
• C, when the PNIPAAm layer becomes hydrophilic, releasing the antibody-Neutravidin complexes and thereby releasing the CD4+ T cells. They were able to release 59% of captured CD4+ T cells with high viability (94%).
This method needs to address a few challenges before being a practical PoC device. This includes ensuring surface chemistry is preserved from manufacture to test (i.e., storing the chips at ∼37
• C) and improving the release efficiency for accurate CD4+ T cell enumeration.
5) Instrument-Free Methods:
Since 2005, the Bill and Melinda Gates Foundation has been funding a CD4 initiative (centered at Imperial College London) to create simple, powerfree CD4+ T cell counting technologies that would lessen costs and increase penetration into resource-poor regions [125] . A semiquantitative immunochromatographic strip (ICS) being developed by The Burnet Institute compares the intensity of gold particles that are specifically attached to CD4+ T cells at a CD4 capture strip to a reference strip which has a similar intensity to a known concentration of CD4+ T cells [126] . Zyomyx has developed a device that uses the sedimentation of high-density CD4 antibody-conjugated beads to estimate the concentration of CD4+ T cells from whole blood samples [126] , [127] . These beads specifically attach to the CD4+ T cells and are sedimented with the help of a manually powered centrifuge. The height of sedimentation in the column is proportional to the concentration of CD4+ T cells, and is viewed through a window and compared to calibrated markings to give the CD4+ T cell count. The device also contains a chamber that used CD14-conjugated magnetic particles and a magnetic collar to deplete monocytes before the sedimentation step. These semiquantitative instrument-free methods may be viewed as short-term solutions, but fullyquantitative micro-and nanotechnology solutions promise more precise and user-friendly approaches.
V. CONCLUSION
The United Nations reports that recent progress toward grand challenges in HIV/AIDS has primarily taken the form of record increases in accessibility of treatment worldwide [2] , leading to decreased HIV prevalence and mortality. The global state of AIDS, however, is far from the target highlighted by the United Nations of zero new HIV infections [128] . Until a vaccine or a cure can be developed, PoC testing will be a critical factor in controlling the epidemic and reversing the spread of HIV. Key studies have shown that viral load is a chief determinant of risk of transmission [129] . With viral load suppression a primary goal of ART, it follows that regular testing, which enables effective management of HIV in people currently living with the disease, must be an essential component of the global strategy.
The emergence of biomicro-and bionanotechnology in the past few decades has introduced new techniques for fluid handling and cell and biomolecule manipulation and identification, enabling highly sensitive interrogation of small sample volumes and setting the foundation for innovation in PoC diagnostics. Most encouraging is the development of techniques capable of performing analysis from whole blood input without any requirement for manual preparation or pretreatment. Furthermore, technologies which couple automated sample processing with electrical biosensor techniques impart hope that a holistic solution to practical PoC needs is being realized.
The Millennium Development Goals have set a target to not only halt the spread of HIV/AIDS but to reverse its spread by 2015 [2] . If this milestone is to be realized, it will involve a concerted effort requiring the collaboration of world leaders, policymakers, community leaders, healthcare providers, and many others. But it is certain that these goals will not be reached if those at the forefront of combating the HIV/AIDS epidemic are not equipped with the proper tools for their mission. It is here that we look to these recent innovations in cell counting and virus quantification to rise to this grand challenge in global health.
